Chromatin insulators are DNA-protein complexes that are situated throughout the genome that are proposed to contribute to higherorder organization and demarcation into distinct transcriptional domains. Mounting evidence in different species implicates RNA and RNA-binding proteins as regulators of chromatin insulator activities. Here, we identify the Drosophila hnRNP M homolog Rumpelstiltskin (Rump) as an antagonist of gypsy chromatin insulator enhancer-blocking and barrier activities. Despite ubiquitous expression of Rump, decreasing Rump levels leads to improvement of barrier activity only in tissues outside of the central nervous system (CNS). Furthermore, rump mutants restore insulator body localization in an insulator mutant background only in non-CNS tissues. Rump associates physically with core gypsy insulator proteins, and chromatin immunoprecipitation and sequencing analysis of Rump demonstrates extensive colocalization with a subset of insulator sites across the genome. The genome-wide binding profile and tissue specificity of Rump contrast with that of Shep, a recently identified RNA-binding protein that antagonizes gypsy insulator activity primarily in the CNS. Our findings indicate parallel roles for RNA-binding proteins in mediating tissue-specific regulation of chromatin insulator activity.
INTRODUCTION
Chromatin insulators are DNA-protein complexes that can influence chromatin topology and gene expression. Insulators are capable of inhibiting the interaction of an enhancer with a promoter when placed between the two elements or of preventing the spread of silent chromatin over a transcriptionally active domain. These properties are termed enhancer-blocking or barrier activities, respectively (for review see Matzat and Lei, 2014) . The concept that insulators alter the topology of chromatin by promoting specific looping interactions throughout the genome is gaining widespread acceptance. Functionally conserved from Drosophila to human, insulator complexes are generally classified based on the presence of a sequence-specific DNAbinding protein. In mammals, only a single insulator protein, CCCTC-binding Factor (CTCF), has thus far been identified, whereas Drosophila harbors the largest known variety of insulator complexes.
The Drosophila gypsy insulator complex [also known as Su(Hw) insulator complex] is a well-studied class made up of three core proteins that are required for its activity. These proteins include Suppressor of Hairy wing [Su(Hw)], the 2.2 kb isoform of Modifier of mdg4 [Mod(mdg4)2.2 also known as Mod(mdg4)67.2] and Centrosomal Protein 190 (CP190). The zinc-finger protein Su(Hw) confers specificity by binding a particular DNA motif, which is present in the 59 UTR of the gypsy retrotransposon and also found at thousands of sites throughout the genome (Bushey et al., 2009; Nègre et al., 2010; Spana et al., 1988) . Mod(mdg4)2.2 and CP190 both contain a broad complex-tramtrack-bric-a-brac (BTB) dimerization domain that might mediate long-range interactions between insulator complexes (Ghosh et al., 2001; Pai et al., 2004) .
In diploid interphase nuclei, gypsy insulator proteins coalesce into large foci that are termed insulator bodies. These concentrations of proteins might serve as focal points of insulator complex interactions, creating discrete, higher-order transcriptional domains (Byrd and Corces, 2003; Gerasimova et al., 2000; Gerasimova and Corces, 1998) . However, it has also been suggested that insulator bodies represent storage sites of insulator proteins (Golovnin et al., 2008) or form as a result of certain stress conditions (Schoborg et al., 2013) . Although the presence of insulator bodies is not sufficient for insulator activity (Gerasimova et al., 2007; Golovnin et al., 2008) , all mutations that are known to alter the integrity of insulator bodies also affect insulator function (Capelson and Corces, 2005; Capelson and Corces, 2006; Gerasimova and Corces, 1998; Ghosh et al., 2001; Golovnin et al., 2012; Lei and Corces, 2006; Matzat et al., 2013; Matzat et al., 2012; Pai et al., 2004) . These results suggest that monitoring these structures serves as a useful phenotypic indicator.
The core gypsy insulator components associate with a variety of accessory factors that modulate their function. In both Drosophila and mammals, genome-wide binding profiles of insulator proteins are largely invariant across cell types (Bushey et al., 2009; Kim et al., 2007) , suggesting that the particular higher-order chromatin configurations mediated by insulator proteins might be regulated in different cell types. Recent work has shown that RNA and RNA-binding proteins can modulate the activities of the gypsy insulator (Lei and Corces, 2006; Matzat et al., 2013; Matzat et al., 2012) , the Drosophila CTCF insulator complex (Lim et al., 2013; Moshkovich et al., 2011) , and mammalian CTCF and its partner cohesin (Sun et al., 2013; Yao et al., 2010) . In the case of the RNA-binding protein Alan Shepard (Shep), gypsy insulator activity and insulator body localization is antagonized in a tissue-specific manner (Matzat et al., 2012) . The basis of this specificity appears to be mainly due to the high expression of Shep in the CNS but not other tissues. We speculated that other RNA-binding proteins exist that might fulfill an analogous function to Shep and sought to test this hypothesis.
Rumpelstiltskin (Rump, also known as Hrp59) is a Drosophila homolog of mammalian heterogeneous ribonuclear protein M (hnRNP M). Similar to Shep (Matzat et al., 2012; Ray et al., 2013) , Rump contains three highly conserved RNA recognition motifs and binds directly to RNA (Jain and Gavis, 2008) . Like human hnRNP M (Gattoni et al., 1996) , Rump affects the splicing of various mRNAs, including its own (Hase et al., 2006; Kiesler et al., 2005) . Rump is best characterized with respect to its role in localization of the nanos (nos) and oskar (osk) mRNAs to the posterior pole of the developing embryo (Jain and Gavis, 2008; Sinsimer et al., 2011) . Based on this function, a lack of maternal Rump expression results in defects in early posterior patterning of the embryo. Recent work shows that Rump is also required for nos transcript localization in sensory neuron dendrites (Xu et al., 2013) . In fact, Rump is expressed throughout all stages of development and in all cell lines tested (Cherbas et al., 2011; Chintapalli et al., 2007) , suggesting that it might have yet undiscovered roles.
In this study, we identify Rump as a novel tissue-specific antagonist of the gypsy chromatin insulator. A reduction of Rump levels improves insulator enhancer-blocking and barrier activities in certain tissues. Interestingly, the specificity of Rump function contrasts with that of Shep, in that Rump is expressed highly in all tissues but only antagonizes insulator activity in tissues outside of the CNS. Furthermore, loss of Rump restores insulator body localization in a compromised genetic background only in non-CNS tissues. Rump co-immunoprecipitates with core gypsy insulator proteins, and chromatin immunoprecipitation and sequencing (ChIP-seq) analysis reveals that the vast majority of Rump binding sites colocalize with gypsy insulator proteins at a subset of insulator sites within the genome. We propose that Rump regulates higher-order chromatin organization that is defined by chromatin insulators within certain tissues of the developing fly.
RESULTS

Rump antagonizes gypsy enhancer blocking at ct 6
In order to test whether Rump affects gypsy insulator function, we examined the effect of the rump 1 mutant on the phenotype of the well-characterized gypsy-insulator-dependent ct 6 and y 2 alleles. The rump 1 null mutation corresponds to a deletion of the promoter and 59 end of the rump gene, resulting in complete loss of RNA and protein (Jain and Gavis, 2008) . The ct 6 and y 2 lossof-function alleles correspond to an insertion of a gypsy retrotransposon between the promoter and particular enhancers of the respective gene (Gdula et al., 1996) . By blocking communication between these enhancers and the promoter, these insertions result in disruption of the wing margin or loss of abdominal pigmentation for ct 6 or y 2 , respectively. In order to detect either positive or negative effects on insulator function, analysis of ct 6 and y 2 was performed in the sensitized mod(mdg4) u1 null mutant genetic background, in which enhancer blocking at y 2 and ct 6 is disrupted and enhancerpromoter communication is partially restored.
We found that rump 1 mutants displayed an increase in enhancerblocking activity at ct 6 . Flies were scored on a 0-4 scale, corresponding to the degree of wing notching, with greater numbers corresponding to higher insulator activity. Whereas control mod(mdg4) u1 flies showed almost no notching, double mutant rump 1 , mod(mdg4) u1 flies exhibited extensive disruption of the wing margin, indicating increased enhancer blocking when Rump is absent (Fig. 1A) . Importantly, the enhancer-blocking phenotype was substantially rescued when a genomic copy of rump was expressed in rump flies show an increase in enhancer-blocking activity compared to mod(mdg4) u1 flies (supplementary material Fig. S1B ). These phenotypic effects are specific to the gypsy-insulator-dependent ct 6 allele and are not observed for the insulator-independent ct n lossof-function allele (supplementary material Fig. S1C ). Western blotting, using previously characterized antibodies, confirmed loss of Mod(mdg4)2.2 in mod(mdg4) u1 , loss of both Rump and Mod(mdg4)2.2 in the double mutant, and restoration of Rump levels in the genomic rescue (Fig. 1B) . Furthermore, we observed in rump 1 , mod(mdg4) + flies no changes in Mod(mdg4)2.2 levels when Rump is absent (supplementary material Fig. S1D ).
The effect of rump 1 , is specific for ct 6 but not for other enhancer-blocking reporters. No effect on the y 2 phenotype was observed comparing rump 1 , mod(mdg4) u1 flies with respective controls (Fig. 1C) . Furthermore, no phenotypic difference between rump 1 or rump 1 , mod(mdg4) u1 flies, and the respective controls, was observed for omb P1-D11 , another gypsy-dependent allele indicative of silencer blocking in the eye (Tsai et al., 1997) (M.R.K. and E.P.L., unpublished). These results indicate that Rump antagonizes gypsy enhancer-blocking activity but also that it perhaps only functions at a subset of gypsy insulators.
Rump is an antagonist of gypsy barrier activity in non-CNS tissues Given its negative effect on enhancer blocking, specifically at ct 6 , we tested the effect of Rump depletion on gypsy insulator barrier activity in various tissues. We employed a recently developed quantifiable luciferase-based assay that can be performed in specific tissues of interest (Matzat et al., 2012) . In this assay, an upstream activator sequence (UAS)-luciferase reporter, either insulated by Su(Hw) binding sites or non-insulated, is inserted into the same genomic position. Next, a Gal4-inducible doublestranded (ds)RNA hairpin results in depletion of a protein of interest in order to test its effect on barrier activity. Finally, a tissue-specific Gal4 driver promotes expression of the reporter and knockdown. In control lines driving no hairpin, luciferase activity is considerably higher in insulated, compared with noninsulated, lines due to protection from local repressive activity.
We first examined the effect of Rump depletion on barrier activity throughout the entire larva using the ubiquitous da::Gal4 driver. As positive controls, we knocked down su(Hw) or Cp190, which results in substantial reduction of the respective target protein in both insulated and non-insulated lines ( Fig. 2A) . As expected, either knockdown caused a dramatic reduction in luciferase signal from the insulated lines, validating the requirement of these proteins in barrier activity ( Fig. 2B ; supplementary material Fig. S2A ). Low luciferase expression was observed in non-insulated lines, regardless of RNA interference (RNAi) hairpin expression (Fig. 2B ). We verified that da::Gal4 also drives the efficient reduction of Rump by using western blotting ( Fig. 2A) . However, in contrast with insulator proteins, Rump depletion resulted in a substantial increase in luciferase signal, demonstrating a negative role for Rump in modulating gypsy-dependent barrier activity (Fig. 2B) .
We next examined two additional drivers to test the modulation of barrier activity by Rump in two specific tissues. The l(3) 31-1::Gal4 and mef2::Gal4 drivers are highly expressed in the CNS and muscle, respectively. Using l(3)31-1::Gal4, knockdown of su(Hw) and Cp190 caused a significant reduction in luciferase signal only for the insulated lines ( Fig. 2C ; supplementary material Fig. S2B ). However, no significant change in signal was observed when Rump levels were reduced, suggesting that Rump is nonfunctional with respect to insulator activity in the CNS. A considerable reduction of Rump and CP190 levels, as a result of knockdown in brain tissue, was verified by western blotting (supplementary material Fig. S2D ), as well as by immunofluorescence (E.P.L., unpublished). In contrast with a lack of effect with the l(3)31-1::Gal4 driver, muscle-specific mef2::Gal4 knockdown of rump caused a significant increase in luciferase signal only in insulated lines ( Fig. 2D ; supplementary material Fig. S2C ), similar to ubiquitous knockdown with da::Gal4. As previously shown, knockdown of su(Hw) with mef2::Gal4 resulted in a decrease of luciferase signal, whereas knockdown of Cp190 produced no significant change in signal in the insulated lines. In summary, these findings demonstrate that Rump antagonizes barrier activity in the muscle but not the CNS.
Loss of Rump alters nuclear localization of gypsy insulators in tissues outside of the CNS
To gain further insight into the tissue-specific regulation of gypsy insulator function by Rump, we examined the effect of rump 1 on the nuclear localization of gypsy insulator complexes in various diploid tissues from third-instar larvae. In wild type, indirect immunofluorescence using antibodies against CP190 revealed approximately one insulator body per focal plane in the eye disc, leg disc or optic lobe of the brain (Fig. 3A) . In the mod(mdg4) u1 mutant, multiple smaller insulator bodies were observed per focal plane in all tissues tested. By contrast, in the rump 1 , mod(mdg4) u1 double mutant, insulator bodies were restored to a wild-type appearance in both eye and leg tissue. Significant differences in the number of insulator bodies per nucleus were observed between mod(mdg4) u1 and either wild type or rump 1 , mod (mdg4) u1 double mutants within the eye and leg (Fig. 3B ). However, in the brain of rump 1 , mod (mdg4) u1 double mutants, no such recovery to wildtype nuclear localization is observed (Fig. 3A) . In the brain, statistically significant differences were observed between wild type and either mod(mdg4) u1 or rump 1 , mod(mdg4) u1 double mutants (Fig. 3B ). The rescue of insulator body localization in rump 1 mod(mdg4) u1 double mutants in eye and leg, but not brain tissue, is consistent with the antagonistic effect of Rump on barrier activity in non-CNS tissues.
Rump is ubiquitously expressed and localized to the nucleoplasm
Because Rump affects gypsy insulator activity in a tissue-specific manner, we examined the expression profile of Rump in various tissues. Western blotting of Rump in tissues that had been dissected from third-instar larvae showed relatively uniform expression across all of the tissues that were examined, similar to insulator proteins (Fig. 4A) . On a subcellular level, Rump was exclusively nuclear in larval tissues and displayed a sponge-like distribution (Fig. 4B ). Consistent with antagonistic activity, higher concentrations of Rump did not correspond to insulator bodies, as detected using antibodies against CP190. Both Rump and CP190 were absent from the DAPI-dense region of the nucleus. The ubiquitous expression of Rump throughout the developing fly indicates that spatial restriction of its expression within the organism does not govern the tissue-specific effects of Rump on insulator activity.
Rump associates physically with gypsy insulator proteins
Given the antagonistic effects of Rump on gypsy insulator function and insulator body localization, we tested whether Rump interacts physically with gypsy insulator proteins in vivo. To this 4) and insulated (lanes 5-8) lines. UAS-dsRNA hairpins against su(Hw) (lanes 2 and 6), Cp190 (lanes 3 and 7) and rump (lanes 4 and 8) were driven using da::Gal4. (B-D) Box and whisker plots of the relative luciferase output for a population of larvae expressing indicated dsRNA constructs driven by (B) da::Gal4, (C) l(3)31-1::Gal4, or (D) mef2::Gal4. Populations were compared by using one-way ANOVA followed by a Tukey HSD post-hoc test to obtain P-values for pairwise multiple comparisons (see Materials and Methods) . The box of the plots represent the 25th and 75th percentiles, the line represents the median and the whiskers represent a maximum of 1.5-fold interquartile range away from the box. end, we immunoprecipitated Rump complexes from embryonic nuclear extracts using an antibody against Rump that has been previously used to isolate Rump complexes from the ovary (Jain and Gavis, 2008 We next performed ChIP-seq of Rump in order to determine its genome-wide chromatin occupancy profile. We used two independent well-characterized monoclonal antibodies against Rump (Jain and Gavis, 2008) to purify associated chromatin from Kc167 cells, which are derived from embryonic hemocyte cells. We used the SPP peak calling algorithm (Kharchenko et al., 2008) at 1% false discovery rate (FDR) to identify 210 and 354 high-specificity binding sites for each respective antibody, which overlapped at 144 sites (supplementary material Fig. S3 ). Instead of arbitrarily choosing a single antibody for further analysis, we adopted an approach recommended by the Encyclopedia of DNA Elements (ENCODE) consortium (Landt et al., 2012) to calculate the irreproducible discovery rate (IDR), which is based on signal strength and consistency between two antibodies (Li et al., 2011) . A chosen IDR threshold is then applied to the pooled signal in order to identify peaks with strong signal that were consistent between both samples. Using a 2% IDR threshold, we identified 338 peaks that correlated with the binding of Rump.
For comparison, we also profiled core gypsy insulator proteins and Shep in Kc167 cells. As with Rump, where two independent antibodies were available, we used SPP and IDR analysis for peak calling, otherwise SPP with a 1% FDR was used. Similar to previous studies, Su(Hw), Mod(mdg4)2.2 and CP190 associated with thousands of sites that, predominantly, overlapped with one another (Fig. 6A) . Strikingly, 86% of Rump peaks coincided with those of Su(Hw), Mod(mdg4)2.2 or CP190, with all four factors present at 69% of sites. One of these overlapping sites includes the well-characterized 1A-2 endogenous Su(Hw)-binding site, which is located between y and the yar noncoding RNA gene (Fig. 6B ) (Golovnin et al., 2003; Parnell et al., 2003) . Interestingly, a parallel attempt to profile Rump by ChIP-seq in CNS-derived BG3 cells failed to detect peaks of chromatin association using the SPP algorithm (R.K.D. and E.P.L., unpublished), suggesting that Rump does not associate with chromatin in this cell type.
In order to assess the extent of overlap between Rump and insulator proteins, in comparison with other factors, we compared the profile of Rump binding sites with that of other factors that have been profiled previously by using ChIP-chip or ChIP-seq within the same Kc167 cell type, such as RNA polymerase II, various histone modifications and an assortment of chromatin associated proteins (Kellner et al., 2012; Kharchenko et al., 2011; Van Bortle et al., 2012; Wood et al., 2011) . We calculated pairwise enrichment scores to evaluate the extent of overlap between all factors and observed high correspondence between Rump, Su(Hw), Mod(mdg4)2.2 and CP190 (Fig. 7A) . Substantial enrichment of Rump binding was also observed at CTCF sites, with approximately half of Rump sites colocalizing with those of CTCF. However, only 22% of Rump sites overlapped with the BEAF-32 insulator protein, indicating the specificity of Rump colocalization with certain insulator classes. Moreover, we found that merely 7% of Rump sites overlapped with Shep. Rump shows substantially lower than expected overlap with several factors -including methylated histones, specifically H3K9me2 and H3K36me3, which are marks that are associated with heterochromatin and active transcription over gene bodies, respectively. Unsupervised hierarchical clustering revealed a , a statistically significant difference was detected in eye and leg, but not brain, tissue. Scale bar: ,5 mm.
high similarity between Rump and gypsy insulator protein profiles relative to all other factors, whereas Shep was excluded from this cluster (supplementary material Fig. S4 ).
We further characterized Rump binding sites by examining their distribution relative to gene features and specificity for particular sequences. Consistent with the finding that Rump associates extensively with gypsy insulator proteins, we found that half of Rump binding sites occurred at intergenic regions, and approximately a third of sites corresponded to intron regions (Fig. 7B) . This profile is similar to the overall distribution of Mod(mdg4)2.2 and Su(Hw). Not surprisingly, motif analysis using MEME-ChIP (Machanick and Bailey, 2011) of Rump binding sites, using either only intergenic or intronic sites, returned the canonical Su(Hw)-binding motif, as reported previously (Nègre et al., 2010) . These results support the notion that Rump associates specifically with a subset of gypsy insulator sites through an interaction with insulator proteins.
DISCUSSION
Our work demonstrates a newly identified nuclear role for Rump in the tissue-specific regulation of the gypsy chromatin insulator. Rump affects insulator activity and insulator body localization in all tissues tested that are located outside of the CNS, despite Rump being ubiquitously expressed. In the developing fly, Rump is localized to the nucleus and co-immunoprecipitates with core gypsy insulator proteins. Consistent with this observation, ChIPseq analysis of Rump revealed extensive co-localization with core gypsy insulator proteins. Intriguingly, the tissue-specific activity of Rump contrasts with that of Shep, which antagonizes gypsy insulator activity and insulator body localization specifically in the CNS. Taken together, these findings suggest independent, but parallel, mechanisms to modulate gypsy insulator activity in distinct tissues using different RNA-binding proteins.
Rump is a multifunctional protein
This study provides the first evidence of a direct role for Rump in mediating chromatin function. Previous work has shown that Rump localizes to the nucleus of S2 cells, derived from embryonic hemocytes, as well as in both somatic and germline cells of the ovary (Hase et al., 2006; Jain and Gavis, 2008; Kiesler et al., 2005) . Nuclear localization of Rump is consistent with its role in the regulation of splicing of its own transcript and, potentially, that of other mRNAs (Hase et al., 2006; Kiesler et al., 2005) . Importantly, we found that insulator protein levels were not affected in rump mutants, suggesting that alteration of insulator activity is not likely to be due to changes in splicing and overall levels of insulator protein transcripts. The Chironomus tentans homolog of Rump, CtHrp59, was shown to associate with a subset of actively transcribed regions on polytene chromosomes, dependent on the presence of RNA, suggesting that chromatin association might be due to the binding to nascent transcripts (Kiesler et al., 2005) . Rump has also been recently identified by mass spectrometry in the chromatinassociated fraction of the dosage compensation complex (Wang et al., 2013) . Because our high resolution ChIP-seq profiling of Rump was performed in a female cell line, the sites we observed cannot be due to interaction with the dosage compensation complex. Furthermore, the majority of the several hundred sites that we observed are coincident with gypsy insulator proteins and are also enriched for the canonical Su(Hw) binding motif. This binding profile suggests a more likely mode of recruitment by insulator proteins instead of an association with nascent transcripts.
The role of Rump in posterior mRNA localization in the early embryo also appears to be unrelated to its function in the regulation of chromatin insulator function. Rump is required for the posterior localization of the nos and osk mRNAs, which are involved in the patterning of the early embryo (Jain and Gavis, 2008) , and it is the maternal levels of Rump that are crucial for this activity. In our insulator assays, we observed changes in adult flies that lacked zygotic Rump expression but that received wild-type levels of maternally deposited Rump. It is also interesting to note that the RNA-binding protein Aubergine (aub) interacts physically with Rump in an RNA-dependent manner in the ovary and also plays a role in posterior localization of nos mRNA (Becalska et al., 2011) . However, loss-of-function zygotic mutants for aub actually disrupt gypsy insulator activity (Lei and Corces, 2006) , which is the opposite effect to that observed in rump mutants. Rump is expressed ubiquitously and at fairly high levels throughout development, and Rump localizes to the nucleus in most tissues but is predominantly cytoplasmic in the early embryo and in the presumptive germ cells. These observations suggest that Rump engages in multiple distinct processes throughout development.
Rump antagonizes gypsy insulator activity in a tissue-specific manner
We observed that a decrease in Rump levels improved gypsy enhancer-blocking and barrier activities, but this effect was only observed in certain tissues outside of the CNS. Shep, the first identified tissue-specific regulator of insulator activity, displays a contrasting pattern of activity in that it appears to mainly function within CNS tissue (Matzat et al., 2012) . The tissue-specificity of Shep function generally correlates with its substantially higher expression in the CNS. Although depletion of Shep in the muscle has no effect on barrier activity, its overexpression in this tissue results in reduced barrier activity. This result suggests that a certain threshold of Shep is sufficient to reduce insulator activity. By contrast, Rump is ubiquitously expressed and is also known to function in nos localization in sensory neurons (Xu et al., 2013) ; therefore, an alternative mechanism must exist to impart the specificity of its regulatory activity on insulator function.
We found that Rump associates with a subset of gypsy insulator sites in Kc167 cells but, in CNS-derived BG3 cells, little or no chromatin association was observed, suggesting that the interaction between Rump and insulator proteins is dependent on cell type. One possible explanation for its tissue-specific effect is that Rump can only act in concert with an, as yet, unknown factor in order to antagonize insulator activity, and that this factor itself is expressed in a tissue-specific manner. Alternatively, tissue-specific post-translational modification of Rump and/or gypsy insulator proteins, which affects their ability to interact, could be responsible for the differential effects that are observed.
Our luciferase reporter results showed, for the first time, that CP190 promotes gypsy insulator barrier activity. This result is not surprising considering that, like other core components, CP190 is required for enhancer-blocking activity and, also, that CP190 binding sites have been observed previously to preferentially localize at the borders of H3K27me3 islands (Bartkuhn et al., 2009; Schwartz et al., 2012; Van Bortle et al., 2012) . Our luciferase assay probably assesses barrier activity against the spread of Polycomb Group (PcG) repression (Matzat et al., 2012) . Although Su(Hw) is required for barrier activity for this reporter in all tissues tested to date, unexpectedly, CP190 knockdown has no effect in muscle tissue. This observation raises the possibility that not all core gypsy insulator components are required for insulator activity in all tissues. Overall, the binding profiles of core gypsy insulator proteins are largely invariant across cell types; however, a small fraction of sites do show cell type specificity (Bushey et al., 2009) . Whether these differences reflect actual variation in occupancy or differential looping states, as a result of cell-type-specific chromatin configurations, is not yet clear.
Functional relevance of Rump in the regulation of chromatin insulator function
Our results are consistent with the possibility that Rump antagonizes gypsy insulator function in certain tissues by altering its ability to form higher-order chromatin structures. Loss of Rump restores wild-type insulator body localization in a compromised genetic background in which Mod(mdg4)2.2 is absent. Because Rump associates physically with insulator proteins and colocalizes to a small subset of insulator binding sites within the genome, we suggest that the association of Rump interferes with insulator-insulator interactions, specifically at these sites. Because Rump colocalizes with all of the core insulator proteins, it is more likely that Rump competes with insulator-insulator interactions. Future work will help to determine whether Rump regulates higher-order gypsy insulator interactions on a genome-wide scale.
Regulation of the gypsy chromatin insulator by mRNA-binding proteins as a general mechanism
Rump can now be added to the growing list of RNA-binding proteins that regulate chromatin insulator activity. It has been shown recently that certain mRNAs are stably associated with, and functional components of, the gypsy insulator (Matzat et al., 2013) . Because none of the core insulator proteins harbors an obvious RNA-binding domain, it is probable that RNA-binding proteins act as mediators for these interactions. Ectopic (Kharchenko et al., 2011) are indicated by an asterisk, data from other studies (Kellner et al., 2012; Van Bortle et al., 2012; Wood et al., 2011) expression of untranslatable versions of the gypsy-associated transcripts su(Hw) and Cp190 improve enhancer-blocking activity and alter insulator body localization. However, neither Shep nor Rump is a likely candidate to mediate these particular interactions because both factors antagonize insulator activity. Identification of a panel of RNAs that are associated with the gypsy insulator predicts the existence of additional RNA-binding protein adapters. Rump first came to our attention because it associates with a transcript that is currently annotated as CR18854 in S2 cells (Kiesler et al., 2005) , and this transcript is also enriched in gypsy insulator complex purifications (Matzat et al., 2013) . Given its role in mRNA localization, one possibility is that Rump acts as an antagonist of gypsy insulator function by sequestering mRNAs, which would otherwise promote insulator activity, into inactive structures.
Usage of a variety of mRNA binding adapters would increase the repertoire of RNAs that could be bound by the gypsy insulator. These putative adapters could be expressed either ubiquitously or in certain tissues, and they could either promote or repress insulator activity. The combinatorial use of both tissuespecific adapters and transcripts could provide context-dependent positive or negative regulation of insulator activity. Future work will provide insight into the precise mechanisms of how mRNAs and RNA-binding proteins work in concert to regulate chromatin insulator activities.
MATERIALS AND METHODS
Drosophila strains
Fly stocks were maintained at 25˚C on standard cornmeal medium. P[rump + ] and rump 1 lines (Jain and Gavis, 2008) were kindly provided by Elizabeth Gavis (Princeton University, Princeton, NJ). The da::Gal4, mef2::Gal4 and l(3)31-1::Gal4 driver lines were obtained from the Bloomington Stock Center. Lines expressing dsRNA to su(Hw) (10724 GD), Cp190 (35078 GD) and rump (44659 GD) were obtained from the Vienna Drosophila RNAi Center (Vienna, Austria). The flies were aged for ct 6 and y 2 scoring as described previously (Matzat et al., 2012 were not viable and could not be scored. Larvae for the luciferase assay were raised at 25˚C. Larvae for western blotting and whole-mount immunofluorescence were raised at 18˚C. Oregon R was used as the wild-type strain.
Antibodies
Monoclonal supernatants against Rump (5G4 and 10C3) (Jain and Gavis, 2008) were prepared according to the Development Studies Hybridoma Bank (DSHB) protocol with cells obtained from the DSHB (Iowa City, IA). For western blotting, mouse tissue culture supernatant against Rump 5G4 was used at 1:5000, guinea pig serum against CP190 (Matzat et al., 2012 ) was used at 1:10,000, guinea pig serum against Mod(mdg4)2.2 (Moshkovich and Lei, 2010 ) was used at 1:1000, guinea pig serum against Su(Hw) (Moshkovich and Lei, 2010 ) was used at 1:7500, and purified serum against Pep (Amero et al., 1991) was used at 1:1000. For immunofluorescence analysis, rabbit serum against CP190 (Pai et al., 2004 ) was used at 1:30,000 and Rump 5G4 (Jain and Gavis, 2008) tissue culture supernatant was used at 1:50. For immunoprecipitation, Rump 5G4 tissue culture supernatant was used. For ChIP, 5G4 and 10C3 tissue culture supernatants against Rump (Jain and Gavis, 2008) , guinea pig serum against Mod(mdg4)2.2, rabbit serum against Mod(mdg4)2.2 (Van Bortle et al., 2012), rabbit serum against Su(Hw) (Bushey et al., 2009) , rabbit serum against CP190 (Moshkovich et al., 2011) , rabbit serum against Shep (Matzat et al., 2012) and guinea pig serum against Shep (Matzat et al., 2012) were used.
Luciferase insulator assay
Luciferase measurements were carried out as described previously (Matzat et al., 2012) with the exception that da::Gal4-knockdown larvae were homogenized in 60 ml Glo Lysis buffer (Promega, Madison, WI), all other larvae were prepared in 30 ml. Luciferase signal from one whole individual third-instar larva was measured, and a population (n §10) of a single genotype was aggregated into a box and whisker plot. Populations are compared with one-way ANOVA followed by a Tukey HSD post-hoc test to obtain P-values for each pairwise comparison. The lowest P-value in each experiment is limited due to the relatively low resolution (four significant figures) in the code underlying the TukeyHSD function in R.
Immunofluorescence
Imaginal discs and brains were dissected from at least six larvae of each genotype and subjected to whole-mount staining, as previously described (Moshkovich et al., 2011) , using ProLong Gold (Life Technologies, Carlsbad, CA) mounting media. For insulator body localization experiments, six out of seven independent experiments achieved similar results.
Cell lines
Kc167 cells were grown in CCM3 media (Thermo Scientific HyClone, Logan, UT). The cells were maintained in monolayer at 25˚C.
Co-immunoprecipitation
Nuclei were isolated from 40 g of mixed stage (0-24 h) embryos as described previously (Lei and Corces, 2006) , and nuclear extracts were prepared as indicated previously (Matzat et al., 2012) . The extract was split equally between Protein G Sepharose beads that had been pre-bound with normal mouse serum, or 5G4 tissue culture supernatant against Rump, and allowed to bind for 1 h at 4˚C. Unbound supernatant was removed, and the beads were washed three times in HBSM (50 mM HEPES, pH 6.7; 150 mM NaCl; 5 mM KCl; 2.5 mM MgCl 2 ) that had been supplemented with 0.3% Triton X-100 and two times in HBSM. The bound protein was eluted in sample buffer by boiling, separated by using SDS-PAGE, transferred to nitrocellulose in 10 mM CAPS, pH 11 and detected by western blotting.
Chromatin immunoprecipitation
ChIP was performed as described previously (Matzat et al., 2012) .
Computational analyses
ChIP-seq
ChIP-seq data are available at GSE51462. Analyses were performed in a similar manner to that previously described (Matzat et al., 2012) with the following version and setting updates: bowtie v0.12.8, with params -best -strata -sam -m1 -n2 -tryhard -k1 and picard v1.77.
IDR
For ChIP-seq experiments that were performed with two different antibodies [Rump, Mod(mdg4)2.2, and Shep], we considered the two independent antibodies as replicates. We then applied the irreproducible discovery rate (IDR) method (Landt et al., 2012; Li et al., 2011) to choose the conservative set of peaks that are consistent across replicates. Briefly, the SPP algorithm was used with relaxed parameters, and the IDR method, using a code downloaded from https://sites.google.com/site/ anshulkundaje/projects/idr, was applied to identify the number of peaks, N, that were consistent among the replicates. After calling peaks on the pooled input and immunoprecipitation, and sorting them by signal intensity, the top N peaks were retained as the final set. For ChIP-seq experiments with only one replicate (Su(Hw) and CP190), we called peaks with SPP as previously described (Matzat et al., 2012) , using a threshold FDR of 0.01 for the final peaks.
